The Mozambique tilapia Oreochromis mossambicus (Teleostei, Cichlidae) has been transplanted worldwide during the 20th century, and now belongs to the list of the most invasive species. Using a geometric morphometric approach, we describe body shape differentiation among 15 populations from native (Mozambique) and invaded (New Caledonia and Guadeloupe) ranges. A dominant phylogeographic signal is detected, despite the broad range of environmental conditions at the local scale. This result suggests that phylogeographic background rather than phenotypic plasticity responding to environmental variation constitutes the main factor correlated with shape divergence. This could result from successive founder events that occurred during the process of colonization of new geographic areas, and therefore strongly suggests heritable phenotypic differentiation. In addition, shape changes along a major axis of divergence hypothetically refer to different swimming abilities, possibly related to divergent functional requirements between the native and invaded ranges. Overall, patterns of contemporary shape diversification in O. mossambicus probably result from both phylogenetic constraints and adaptive divergence processes. We show that critically taking into account recent phylogenetic history of populations as a constraint on rapid phenotypic divergence is necessary for an improved view of contemporary evolution.
INTRODUCTION
Cases of human-mediated environmental changes or species range expansions have emerged as fruitful opportunities to study rapid evolutionary responses in wild populations (Hendry, Farrugia & Kinnison, 2008) . Specifically, biological invasions have been intensively studied because they provide replicated natural experiments where populations of the same species have been recently introduced in different geographic areas, often characterized by contrasting environmental conditions. As a consequence, invasive populations offer ideal study systems to study evolutionary changes over no more than tens of generations (reviews in Lee, 2002; Sax et al., 2007; Vellend et al., 2007; Prentis et al., 2008) . Investigations of phenotypic differentiation between invasive populations provide a unique opportunity to decipher the pace and drivers of the divergence process, as well as to evaluate the adaptive potential of populations to new environments. Although until now most studies have focused on phenotypic traits or on patterns of genetic diversity suspected to increase invasion potential (e.g. Hill, Thomas & Blakeley, 1999; Kolbe et al., 2004; Facon et al., 2005) , very few have examined the morphological evolution of organisms or of their body parts using shape as an integrated multivariate trait (Collyer, Novak & Stockwell, 2005; Collyer et al., 2007; Michaux et al., 2007; Berner et al., 2010) .
Invasive populations often experience novel selective environments, requiring a rapid remodelling and adaptation of their phenotypes to a new optimum (Lee, 2002) . Furthermore, because of founder events after genetic bottlenecks, the genetic diversity of invasive populations is expected to be reduced (e.g. Ficetola, Bonin & Miaud, 2008) , probably constraining their evolutionary and thus invasive potential. This wellknown and debated 'genetic paradox for invasive species' (Roman & Darling, 2007 ) also holds by analogy if the invasive potential is replaced by the potential for rapid morphological diversification within a set of bottlenecked populations. In other words, which components predominantly structure the morphological diversity in invasive species? They can be: (1) phylogenetic constraints, i.e. phylogeographic population history, isolation and founder events; or (2) rapid genetic adaptation and phenotypic plasticity directly responding to the varying environmental conditions of invaded areas. To tackle this question, an essential primary step is to obtain a detailed quantification of the morphological diversity arising within a known time frame, i.e. the dates of species introduction within an explicit phylogeographic framework.
Invasive freshwater fish populations isolated on islands provide ideal case studies in this context. First, transoceanic dispersals are extremely unlikely over short time periods, except when mediated by humans. Second, their dispersal ability at the local scale is naturally constrained by drainage patterns, lakes, or ponds, often rendering geographically close populations partially or totally isolated from each other. Thus, freshwater fishes provide a promising study context at both global and local scales, with totally disconnected or partially connected populations, respectively.
Here, we focus on the African cichlid fish Oreochromis mossambicus Peter, 1852 (Teleostei: Cichlidae) . This species belongs to the so-called 'tilapias', a diverse paraphyletic group of mostly African cichlids well known for their widespread use in subtropical and tropical aquaculture, which was popularized during the second part of the 20th century. Tilapias often became successful invaders, establishing in diverse environmental conditions, e.g. in environments with high salinity levels or low levels of dissolved oxygen. The expansion of Oreochromis species has frequently been shown to dramatically disturb local ecosystems and to pose a threat for endemic species (e.g. Keith, 2002; Canonico et al., 2005) .
On a global scale, Oreochromis mossambicus is now one of the most widespread aquatic invasive animals (Costa-Pierce, 2003) , having adapted to a remarkably wide range of environmental conditions (Pérez et al., 2006) . In most cases its introduction has led to such profound and sudden repercussions for native biodiversity that it has been ranked among the hundred worst invasive species (Lowe et al., 2000) . Historical and population genetic data (multilocus genotyping and mitochondrial DNA, mtDNA, sequences; C. Firmat, P. Alibert, M. Losseau, U. K. Schliewen, unpubl. data) indicate that the O. mossambicus populations distributed worldwide stem from a common genetic stock.
Contemporary morphological change of invasive O. mossambicus populations has been reported (on lower pharyngeal jaw morphology; Trewavas, 1983) , but has never been quantitatively studied in detail. Here we examined external body shape, which has been shown to bear a significantly heritable component (Leinonen, Cano & Merilä, 2011) and to be tightly correlated with a number of environmental variables (e.g. Collyer et al., 2005; Andersson, Johansson & Soderlund, 2006; Gomes & Monteiro, 2008; Langerhans & Reznick, 2010) . Hence, the study of body shape provides a good approach to trace the respective effects of geographic (and genetic) isolation and environmental conditions on morphological variation. We used a geometric morphometric approach to explore morphological variation using a methodological framework allowing for the preservation of interpretable geometric associations among different body parts. We address the following questions. Are phylogeographic constraints (defined here as the combination of the phylogeographic background of populations and the associated founder events) the main factors to shape the patterns of morphological diversity, or do the environmental conditions of the invaded habitats play a more significant role? Do correlations between environmental and morphological variation suggest that alternative factors drive differentiation? We showed that a high level of morphological diversity was generated during the invasion process, and probably resulted from the interplay between the history of the populations and patterns of functional divergence.
MATERIAL AND METHODS

SAMPLING SITES AND SPECIMENS COLLECTION
A total of 450 adult specimens were collected in 15 localities representing three geographic areas: Mozambique, New Caledonia and Guadeloupe ( Fig. 1 ; Table 1 ). The sampling areas were chosen according 370 C. FIRMAT ET AL.
to three criteria: (1) the areas must be separated by transoceanic barriers, thereby lowering the probability of recent human-induced transfers between the areas; (2) the availability of data concerning chronology and routes of introductions; and (3) the absence of other introduced Oreochromis species (e.g. Oreochromis niloticus Linnaeus, 1758), so as to avoid any possible effects arising from interspecific hybridization. Interspecific hybridization is quite common in tilapias, and global introductions of other Oreochromis species often lead to the replacement of the O. mossambicus stock by hybrid lineages (e.g. CostaPierce, 2003) . To date, no other established Oreochromis species is recorded from New Caledonia or Guadeloupe (Fishbase, 2011) . However, a large proportion of the Mozambican native populations is threatened because of the release of O. niloticus, documented as broadly hybridizing with O. mossambicus, over its native range (Cambray & Swartz, 2007; D'Amato et al., 2007) . Thus, sampling sites in the native range were located in the Changane Sub-basin, a subdrainage of the Limpopo drainage system, from which it is temporarily isolated because of prolonged episodes of drought, thereby preventing our sampled localities from genetic pollution by locally introduced O. niloticus. The purity of our O. mossambicus specimens is supported by phenotypic observations indicating that no specimen studied here exhibits features of O. niloticus (e.g. the presence of vertical stripes in the caudal fin, contrary to fish sampled in the Limpopo; Moralee, van der Bank & van der Waal, 2000; C. Firmat, pers. obs.) , but do display traits that are characteristic of O. mossambicus (Trewavas, 1983) , and by preliminary population genetic analyses [amplified fragment length polymorphism (AFLP) genotyping and mtDNA sequences] that reveal an absence of O. niloticus and no traces of genetic introgression for the populations used in this study [i.e. prevalence of hybridization = 0 (C. Firmat, P. Alibert, M. Losseau, U. K. Schliewen, unpubl. data)]. The populations studied occur over a wide range of environmental conditions (Table 1) .
GEOMETRIC MORPHOMETRICS
We used a landmark-based geometric morphometric approach. The left side of each specimen was photo- graphed under standard conditions. Fourteen landmarks ( Fig. 2) were recorded from digital photographs using OPTIMAS v6.5 (Media Cybernetics, Silver Spring, MD, USA) in order to describe most of the overall external fish morphology. The x-y coordinates were submitted to a partial generalized Procrustes superimposition (Rohlf & Slice, 1990 ) to remove nonshape variation (i.e. size, position and orientation of the object; Dryden & Mardia, 1998) and the resulting Procrustes coordinates, once orthogonally projected onto the tangent shape space, were used as shape descriptors. The centroid size (the square root of the sum of squared distances of landmarks from their centroid; Bookstein, 1991) was extracted and taken as an estimate of body size. It strongly correlates with the standard length of the fish (R 2 = 0.99, P < 0.0001). An analysis of measurement error (Yezerinac, Lougheed & Handford, 1992) conducted on a subsample of 20 specimens originating from Nungwane indicated that the averaged error for this station did not exceed 9% of ), except for the Guadeloupean samples in which conductivity was not measured and so water salinity was evaluated unambiguously from the hydrographic connection of the site with seawater. (14) upper insertion of the pelvic fin.
the total variation for shape variables, and 6% for centroid size. We considered these values as maximum estimates of error, as they are computed for intralocality individual variation (the interlocality level would have provided lower estimates).
We selected complementary data analysis procedures that explicitly consider the hierarchical geographical structure of the sample set (nested range, geographic areas and localities, respectively; see Fig. 3 ; Table 1 ) by: (1) reassignment tests based on linear discriminant analyses (LDAs); and (2) nested multivariate analyses of co-variance (MANCOVA). Figure 3 summarizes our hypothesis-testing design and illustrates the different factors used in these analyses.
REASSIGNMENT TESTS
Two different LDAs were conducted to explore the structure of the shape space and to compare global versus local geographic effects. Their performance in predicting the factor of interest was tested using leave-one-out cross validations (see Stone, 1974) : all individuals were sequentially removed and reclassified with a new discriminant model computed independently of the removed individual. The proportion of successfully reassigned individuals was computed for each LDA. Allometry, the aspect of shape variation directly associated with size variation, is common in fish, but size-related variation might mainly result from differences in the age structure between the samples or from different sampling methods, as this is the case for our sample set. These parameters are not of concern for the present study. We therefore focus on shape variation in performing the LDAs on the size-free shape variables, i.e. the residuals of a multivariate regression of Procrustes coordinates on centroid size (Monteiro, 1999; Claude, 2008) . This procedure assumes that allometric trajectories do not differ between populations. We consider this assumption as reasonable because a preliminary analysis of between-populations divergence in allometric vectors showed that allometric patterns significantly differ in a very low proportion of pairwise comparisons (seven of 105, i.e. 6.7%, at the level of a = 0.05). This suggests that the allometric correction approach that we used introduced no, or at most a minor, bias in the final results.
The first discriminant analysis (LDA1) considered the sampling localities of the individuals. The second discriminant analysis (LDA2) is identical to LDA1, but was computed on the shape data corrected for the effect of the area of origin (Mozambique, New Caledonia and Guadeloupe) by extracting the residuals of a preliminary one-way MANOVA model considering this factor. Removing the effects of a factor from raw data and comparing reassignment performances with and without the effects of this factor can be used to estimate its contribution to a given pattern of shape differentiation (e.g. Firmat et al., 2010) . Here, if the primary structuring factor is geographic area, the reassignment performance of LDA2 would significantly drop in relation to LDA1. Conversely, if shape space is not structured by the between-area differences, LDA1 and LDA2 would provide similar reassignment performances. 
NESTED MANCOVA MODELS AND DIVERGENCE VECTORS
Nested MANCOVA models were conducted on the principal components (PCs) of shape data to assess the degree of association between body shape variation and geographic and environmental factors (see Fig. 2 ; Table 1 ). Centroid size (controlling for multivariate allometry), range, areas (nested within 'range') and localities (i.e. the sampling stations, nested within 'areas') were considered as the independent variables in the first MANCOVA model: body shape constant centroid size range area range locali
To provide more robust statistical tests for the main variables of interest ('range' and 'areas'), we chose to consider the sampled localities as a random factor. In addition to reducing the risk of type-I error, treating populations instead of individuals as the unit of replication (i.e. the error term) allows us to generalize the results to unsampled populations. However, testing for the terms of interest in a nested mixedeffect MANOVA model is not always feasible because of the matrix determinant, which becomes negative with an increasing number of dependent variables (Rencher, 2002 ; for a practical example, see Langerhans & Markowicz, 2009) . Here, the maximum number of dependent variables providing a positive matrix determinant was seven. Thus, we used the first seven principal components (PC1-PC7), accounting for more than 80% of the total shape variance. The correlation between Procrustes and Euclidian individual distances in reduced PC space inform us about the accuracy to which the full shape space is summarized by the first selected PCs (Fadda & Corti, 2000) . Here, the Euclidian distances for the first seven PCs strongly correlate with the Procrustes distances (R 2 = 0.87). The nested MANCOVA model was associated with a test of significance based on the Hotelling-Lawley's T 2 statistic, as recommended by Claude (2008) . Working with a reduced shape space requires special attention to the relative contribution of the model terms in explaining the total body shape variance. The contribution from each variable was assessed using the Hotelling-Lawley's partial h 2 , following the method described by Rencher (2002: 175) , as a measure of multivariate association. HotellingLawley's partial h 2 is a multivariate approximation of the univariate coefficient of determination, and was computed using all of the shape space dimensions, i.e. the first 24 PCs (four dimensions being lost after the Procrustes superimposition because of the scaling, rotating, and translating steps in the landmark configurations).
Salinity variation has been suggested as a potential abiotic factor affecting fish body shape (Collyer et al., 2005 (Collyer et al., , 2007 . Collyer et al. (2005) suggest that a reduced body circumference relative to overall size could be an advantage in coping with the high osmotic potential of saline waters. It is noteworthy that populations from New Caledonia were sampled in variable degrees of salinity, which is the most variable environmental parameter among the localities of New Caledonia (e.g. brackish mangroves and ponds, and freshwater mountain lakes, or swamps). Thus, we conducted a second nested MANCOVA model to test for the effect of salinity on the morphological variation of New Caledonian specimens: body shape constant centroid size salinity localities (sal
The Procrustes superimposition was recalculated for the data set limited to the New Caledonian samples. To estimate multivariate association and significance for each term, we used a strictly analogous procedure to the one described above. To test for significance, the shape space was reduced to its first five PCs (PC1-PC5), accounting for 71% of the total variance, and strongly correlating with Procrustes distances (R 2 = 0.95). As a strongly significant range effect was found (in the first model), the correlation between the native versus invaded range divergence vector and the global vector of interpopulation divergence was examined. A divergence vector dRange was computed from the sum of squares and cross-product matrix, and corresponds to the first eigenvector of the range effect. This vector was preferred over a canonical axis involving the scaling by the inverse of the error sum of square and the cross-product matrix (Langerhans, 2009 ). The scaling of vectors is likely to alter the geometry of the multivariate space, which can bias the final interpretations (Klingenberg & Monteiro, 2005) . Then, d Range was compared with the major vector of between-populations differentiation z, represented by the first eigenvector of the variance-covariance matrix of population means computed on size-corrected data (Langerhans & Makowicz, 2009) . As a test of significance, the vector correlation was compared with a distribution of 50 000 angles computed between pairs of random vectors (Klingenberg, 1996) . The proportion of random angles in which the correlation exceeds the observed value provides a probability (P) that the correlation between the divergence vectors is compatible with a random pattern. In order to consider the dependency of this result on sampling error, the computation of each vector is bootstrapped 1000 times and the test of significance repeated for each of the 1000 angles, providing a bootstrapped distribution of P. Finally, in order to visualize divergence between the native (Mozambique) and the invaded range (New Caledonia and Guadeloupe), shape changes along the d Range vector were depicted by thin-plate spline transformation grids, corresponding to the variation between the extreme individuals projected on dRange.
GRAPHICAL REPRESENTATION OF THE DATA
To provide a graphical representation of the data we used a between-group principal component analysis (bgPCA) (Boulesteix, 2005) performed on the size-free shape variables. The bgPCA approach is recommended by Mitteroecker & Bookstein (2011) for Procrustes data as an alternative to descriptive discriminant analysis. We found a significant shape differentiation between geographic areas (see Results). We therefore performed a PCA on the group means (Mozambique, New Caledonia and Guadeloupe), and then projected the individual data onto the first two principal components in order to illustrate group separation.
All geometric morphometric computations and statistical analyses were performed in R 2.12.0 (R Development Core Team, 2008), using codes from Claude (2008) and custom routines (available from C. Firmat upon request).
RESULTS
DISCRIMINANT ANALYSES AND CROSS-VALIDATION SCORES
The first discriminant analysis based on sampling locations 1-15 (LDA1) correctly reassigned 80% of the individuals. However, this percentage substantially dropped once the variance between geographic areas was removed (LDA2): 64% of the individuals were successfully reassigned to their sampling location, indicating that shape distinctness appears first at the level of the geographic areas (i.e. Mozambique, New Caledonia, or Guadeloupe) and second at the locality level. Based on these reassignment scores we roughly estimate that 20% [i.e. (80 -64) /80] of the geographically structured morphological variation occurred on the global scale only. The between-groups principal components ( Fig. 4; Fig. S1 ) are used to illustrate the reassignment results: the sampling locations are easily ordinated onto the shape space according to their geographic areas, showing the predominating effect of large-scale geography over within-area population divergence. No apparent patterns of clustering according to environmental conditions of sampling sites emerge on this PCA plane, and no pattern is apparent from principal components computed on individual data (results not shown).
MANCOVA MODELS
The mixed-model nested MANCOVA performed on the total sample (Table 2) indicated significant effects of multivariate allometry (i.e. centroid size), geographic range and areas nested in range, as well as for localities nested in area. Hotelling-Lawley's partial h 2 revealed that multivariate allometry had a strong effect on shape variation. Range and area have a stronger effect than populations within area. The second mixed-model MANCOVA performed on NewCaledonian samples (Table 3 ) indicated the significant effects of centroid size and localities. The effect of salinity is not significant, although a relatively strong effect seems to be indicated by its partial variance. However, the discriminant analysis based on the salinity factor failed to separate population means according to this parameter (data not shown), indicating that this elevated partial h 2 probably results from a bias from a population distinctiveness that is indirectly (and not significantly) correlated with salinity.
MAJOR PATTERN OF SHAPE DIFFERENTIATION
The dRange vector derived from the first MANCOVA model considering native versus invasive popula- tions significantly correlated with the major between-population divergence vector z. The proportion of significant bootstrapped values of P at the 0.05 threshold was 77.9%, and remained elevated at the 0.01 (69.9%) and 0.005 (64.3%) thresholds, indicating a robust significant correlation between these two vectors. Thin-plate spline transformations illustrate shape changes along d Range (Fig. 5) . Invasive populations tend to exhibit a more elongated body shape, a shorter caudal peduncle and a more expanded anterior region relative to native populations. Conversely, native populations exhibit a larger body depth and a lower position of the eye. . Body shape variation depicted by the two axes of a between-groups principal component analysis based on geographic areas (Mozambique, New Caledonia, and Guadeloupe). Individual scores are projected on the two principal components (bgPC) that account for 95% of the between-group mean variation and 33% of the between-individuals variation. The circled localities are populations sampled in salt or brackish water in New Caledonia. Points represent the centroids for each sampling locality ± 1 SEM. See Supporting information for a vizualization of shape deformation along the two between-group principal component axes. 
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DISCUSSION A GEOGRAPHY-RELATED SHAPE DIFFERENTIATION
We provided an example of rapid morphological diversification in relation to the geography and the phylogeny of invasive populations. Both of our analytical approaches (reassignment tests and nested MANCOVAs) revealed that the overall body shape variation in O. mossambicus strongly correlates with geography, stronger on the global than on the local scale. This indicates that the longer shared evolutionary history between populations is reflected by the general pattern of body shape differentiation. Surprisingly, this pattern emerges despite contrasting environmental conditions existing within each geographic area. These results suggest that the dominant global divergence pattern (i.e. between areas) predominantly results from the local phylogeographic constraints for population differentiation, rather than from environmental differences between areas. For example, salinity, which is undoubtedly a highly variable environmental parameter in New Caledonia, was a potential factor for differentiation towards the slender body shape in introduced Cyprinodon fish (Cyprinodon tularosa Miller & Echelle, 1975; Collyer et al., 2005 Collyer et al., , 2007 . For O. mossambicus, salinity does not detectably correlate with morphometric differentiation. This situation suggests that an ancient heritable component more than a plastic response or a rapid genetically based adaptation underlies the observed global shape divergence. Indeed, a significant environmentally induced plastic divergence would have primarily been detected between populations sampled in markedly varying conditions (e.g. salinity, Collyer et al., 2005 Collyer et al., , 2007  or water transparency, as examplified in cichlids, Witte et al., 2008) . In other terms, the contribution of phenotypic plasticity to the divergence between geographic regions cannot be evaluated from our current data, but the phylogeographic signal does not suggest a high level of importance.
The genetic proximity between populations within each area is expected to be elevated because of a single founder event resulting from the introduction of O. mossambicus in New Caledonia and Guadeloupe. Historical data allows us to trace the route of introduction for the regions under study (Fishbase, 2011; see Fig. 1 ). New Caledonian and Guadeloupean populations, respectively, experienced at least two and three successive founder events following their departure from Malaysia in 1949, and at least four and five since the first O. mossambicus naturalization in Java. The difference between invaded geographic regions (Guadeloupe and New Caledonia) is therefore necessarily the consequence of divergence that has occurred since 1949.
A recent study has revealed a strong heritability for body shape traits in stickleback populations (Leinonen et al., 2011) , but to our knowledge no such data have yet been published for cichlids. Assuming that body shape in O. mossambicus is also highly heritable, the random loss of genetic diversity resulting from successive founder events and genetic drift during the invasion processes (> 60 generations) could have displaced the phenotypic means relative to the original source populations, thereby increasing disparity on a global scale.
This dominant large-scale disparity despite the highly heterogeneous environmental conditions at the local scale might be the result of repeated founder events that reduce the genetically based phenotypical variance constraining the speed of adaptive evolution in invasive populations (Vellend et al., 2007; Prentis et al., 2008) . Thus, the absence of significant morphological distinctness between fishes in saltwater and freshwater habitats in New Caledonia could result from the lack of genetic variants to promote adaptive morphological evolution, or simply from too short a time interval since the introductions to allow for the detection of significant ecological divergence. Alternatively, salinity variation might, after all, exert no effect on external morphology in O. mossambicus, despite the hypothetic functional relationship with capacity for osmotic regulation (Collyer et al., 2005) .
FUNCTIONAL INTERPRETATION OF SHAPE
DIVERGENCE
Despite the strong disparity observed within the invaded range, one axis of the shape space clearly distinguishes the invasive populations from the native ones. The level of differentiation between native populations from the Changane System and the invasive populations may partly be attributed to geographical variation in the native range (i.e. our native samples could not be the exact source of the invasive lineage from Java). However, interestingly this axis correlates with the major direction of population differentiation, and corresponds to shifts in overall body shape believed to bear biomechanical consequences (e.g. Domenici et al., 2008) . The vast theoretical and empirical framework now available to interpret shifts in fish body shape in terms of swimming performance (reviewed in Langerhans & Reznick, 2010) allows us to discuss the observed pattern in O. mossambicus within a biomechanical context. This framework mainly centres on an evolutionary trade-off between steady and unsteady swimming modes, each linked to opposed environmental factors and associated morphologies. Steady swimming morphologies favour swimming efficiency during cruising over long distances, and rely on streamlined shapes with a massive anterior part. In contrast, unsteady swimming morphologies improve controlled changes in swimming direction and velocity, and imply deep bodies and large caudal parts (Langerhans & DeWitt, 2004; Domenici et al., 2008) . We consider our results in line with this framework: native O. mossambicus populations exhibit the rounded body shape, small head, and expanded posterior region expected for an unsteady swimming morphology, whereas invasive populations display the streamlined body shape, broad head, and short caudal regions expected for a steady swimming morphology. Numerous factors have been identified as potentially affecting fish morphology, such as habitat complexity, water flow, predation, and trophic and reproductive constraints (see Langerhans & Reznick, 2010) . Predation intensity is often advocated as selecting for unsteady swimming morphologies that improve the ability of the fish to escape predators, as reported among six families, including African cichlids (Langerhans, 2010; Langerhans & Reznick, 2010) . Predation release is a well-known phenomenon often suggested to explain the competitive abilities and possibly the rapid evolution of invasive species (Lee, 2002) . Over its native range, O. mossambicus is mainly preyed upon by clariid catfish species (Trewavas, 1983; Skelton, 2001 ), a phenomenon clearly witnessed in the field (several Clarias spp. are frequently captured hunting tilapias caught in the nets; C. Firmat & M. Losseau, pers. obs.) . The exceptional presence of crocodiles at one sampling locality (Macosse) might represent an additional predation pressure for that site (see Wallace & Leslie, 2008) . In the Caribbean, predation by marine and brackish species has been reported (see Trewavas, 1983) , but among the Guadeloupean sampling localities, only two species (Gobiomorus dormitor Lacepède, 1800 and Eleotris perniger Cope, 1871) reported at one site (Vieux-Habitants) would reach a sufficient size to predate on juvenile O. mossambicus. No evidence of predation on O. mossambicus was observed in New Caledonia. This is further supported by a comprehensive ichthyological report (Marquet, Keith & Vigneux, 2003) , yielding no indications of potential species intensively preying on O. mossambicus. Invasive O. mossambicus may therefore face predators out of its native range, but at a much weaker density than in Mozambique. We suggest that the release of predation pressures in the invaded areas represents one of the selective factors driving the native versus invasive differentiation pattern. Alternatively, but not exclusively, this pattern could also result from an increased need to swim over long distances, requiring a lowering of energy expenditure (i.e. the steady swimming mode), to search for food in potentially less suitable habitats in the invaded range. Common or garden experiments combined with laboratory estimates of swimming performance will be the next step required to further investigate these hypotheses.
CONCLUSION
From a new study system, we provided the first geometric morphometric description of the phenotypic diversity arising at a broad spatial scale within a short time frame. Considering a hierarchical geographic sampling design, with a substantial number of popu-lations, allows us to propose that phylogenetic constraints (the combination of the phylogeographic background of populations and the associated founder events) is the primary factor shaping morphological divergence in O. mossambicus. Conversely, the markedly varying local environmental conditions have insignificant or much weaker effects on local divergence. However, a major axis of the shape space characterizing both global-scale and overall interpopulation divergence is possibly related to a functional trade-off between alternative swimming modes. Accurately estimating the respective implications of plastic or heritable changes in this system will require further investigations, although heritable divergence would be favoured from the observed pattern. Overall, our results suggest a significant role for genetic and functional constraints on contemporary phenotypic diversification. Whereas the positive effects of rapid evolutionary changes on invasion success have been broadly acknowledged over the last decade, this study, along with some others recent contributions (Berner et al., 2010; Colautti, Eckert & Barrett, 2010) , emphasizes the roles of evolutionary constraints on phenotypic divergence and adaptation in invasive populations. In the future, focusing not only on the potential but also on the limits of contemporary evolution should offer a more integrative and exciting view of phenotypic changes in invasive species.
